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Abstract 
 
In large commercial buildings facing high cooling loads, conventional heating, ventilation, and  air-conditioning 
(HVAC) systems are typically based on the use of one, or few, large-capacity air handling units (AHUs) to supply 
conditioned air throughout a centrally-managed air distribution network. The alternative concept of ‘decentralized’ 
HVAC typically entails the deployment of multiple, small capacity fan coil units (FCUs) operating as dedicated 
outdoor air systems (DOAS) and located closest to the individual thermal zones they must condition. For this  study, 
the authors commissioned the development of a small capacity, packaged cooling coil with  built -in enthalpy recovery 
devices. This customised unit, intended for use in a cooling-only, decentralized DOAS configuration, includes: 
two rotary wheels for sensible and latent energy recovery, a single cooling coil, and both supply and exhaust 
fans. The unit has been intended for building air conditioning use in the Singaporean climate. This paper provides 
energy performance data based on laboratory testing of the unit with independent control of the  following variables: 
outdoor air conditions, return air conditions, and chilled water flow rate. It is intended that empirical data offered by 
this study can be adapted for use in future building energy models of decentralized HVAC systems. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
 
Keywords: Decentralized HVAC, dedicated outdoor air system, energy recovery wheels 
 
 
 
 
 
 
 
 
* Corresponding author. Tel.: +65 9136 2199. 
E-mail address: murray@arch.ethz.ch 
† See “3for2” project: http://futurecities.ethz.ch/project/3for2-beyond-efficiency/ 
Available online at www.sciencedirect.com
 he Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/l censes/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
3472   Portia Murray et al. /  Energy Procedia  78 ( 2015 )  3471 – 3476 
 
1. Introduction 
 
In hot and humid climates, most conventional commercial heating, ventilation, and air conditioning  (HVAC) 
systems rely on large capacity air handling units (AHUs) for load management. These AHUs manage bot h the latent 
and sensible building loads through large centralized duct networks. One alternative is the implementation of 
‘decentralized’ and/or ‘decoupled’ systems. In decentralization, one would make use of multiple small capacity 
AHUs configured as dedicated outdoor air systems (DOAS) located near to their serviced thermal zones [1]. In 
decoupling, one would further approach the HVAC solution by implementing separate technologies for sensible  and 
latent cooling, such as a water-based chilled ceiling for the former and a DOAS for the latter [2]. 
 
 
 
2. Background 
 
In this paper, we present findings from controlled experimentation of a small DOAS unit that houses  integrated 
energy recovery wheels. A similar type of system was first identified and modelled in a 2001 study by Mumma and 
Shank [3]. They suggested that a DOAS unit formed of an integrated enthalpy wheel, cooling coil, and a sensible 
recovery wheel would be a favourable configuration for decentralized space cooling applications. In their  proposed 
system, the enthalpy wheel was able to transfer heat and moisture from the incoming outdoor air stream to the cooler 
and drier return / exhaust air stream, thus reducing the cooling load. After the cooling coil, the sensible recovery 
wheel would act as a ‘free’ reheat device by receiving sensible heat from the warmer return air. Mumma and  Shank 
found their system would reduce on-coil cooling loads by approximitly 21% against a conventional DOAS based on 
a fan coil unit [3]. 
In 2007, Mumma explored an amended DOAS configuration that would include a passive de-humidification 
component (PDHC) wheel in place of the sensible wheel. He found this to be a more favourable configuration for 
hot and humid climates [4]. The PDHC obtains its maximum moisture holding potential at high (towards 100%) 
relative humidity, thus can provide active dehumidification even if regeneration air has a higher absolute humidity[5]. 
An example of this system is provided in Fig. 1. It also represents the configuration under analysis in this  paper. 
The primary effort of this study is to generate empirical data to support the model-derived findings of Mumma’s 
work in the future. Specifically, we aim to characterize the following: 
x The unit’s performance at near-peak capacity 
x The contribution of the unit’s individual energy recovery devices and cooling coil to total supply air 
cooling capacity 
x The relationship between total supply air cooling capacity and return air conditions 
x The effect of chilled water flow rate on cooling capacity 
Nomenclature 
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3. Experimental Apparatus 
 
3.1. System Description 
 
The DOAS unit consists of an enthalpy wheel, cooling coil, and a PDHC wheel. The unit was designed  and 
manufactured in 2014 for implementation within a decoupled and decentralized HVAC system in Singapore†. The 
enthalpy wheel is made from a corrugated aluminium foil rotor coated with 3A molecular desiccant designed to 
exchange both heat and mass between two air streams. The PDHC is similar, yet it employs larger amounts  of 
hygroscopic desiccant and thus can store more moisture, making it more effective at latent regeneration [5]. A 
picture of the experimental apparatus is shown in Fig. 1. Other specifications of the unit are provided in Table  1. 
 
 
 
Figure 1: The experimental DOAS unit including both the enthalpy wheel (left) and passive desiccant wheel (right) 
 
3.2. Instrumentation 
 
The system was instrumented with five temperature and humidity sensors for states 1-5 as well as water and 
airflow meters. The unit was installed within a climate-controlled environment and was connected to a chilled water 
system that allowed for variable water flow rates and supply temperatures. The unit was also connected to a  Siemens 
APOGEE building automation system that was used for data acquisition and controls. A detailed list of  the 
instrumentation used and the standard error of the instrumentation readings in included in Tables 1 and  2. 
 
Table 1: Specifications of the test unit 
 
Parameter Value Parameter Value 
Unit dimensions 
Design supply air flow rate 
Design return air flow rate 
Fan configuration 
600 mm x 600 mm x 2200 mm 
145 L/s 
145 L/s 
3 parallel DC fans per channel 
Fan power 
Design chilled water flow rate 
Water supply temperature 
Rotation rate of enthalpy wheel/PDHC 
96 W per fan 
0.20 L/s 
6.8 °C 
19 / 0.42 rpm 
 
Table 2: Description of sensors used and accepted measurement error 
 
Sensor Model Measurement Standard Error 
Siemens QFM2160 
 
 
EBTRON GTC116-PC 
Dry-bulb Temperature (°C) 
Relative Humidity (%) 
Air Flow Rate (L/s) 
+/- 0.8 °C 
+/- 3% R.H. 
+/- 2% of reading 
 
 
 
 
† See “3for2” project: http://futurecities.ethz.ch/project/3for2-beyond-efficiency/ 
Enthalpy 
 
PDHC 
Exhaust air 
Return air
Outdoor air  
Supply air 
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REMAG Vision 2000 Water Flow Rate (L/s) +/- 3% of reading 
Siemens QAE2020.010 Water Temperature (°C) +/- 0.5 °C 
 
4. Experimental Approach 
 
Three types of experiments were conducted in this analysis. The first test sequence used 9 test points taken at 
steady-state near-peak operating load conditions. For the second test, the performance was recorded at a range of 
return air conditions. Lastly, the water flow rate of the cooling coil was varied from 0-0.12 L/s to analyse the effect of 
flow rate on the operation of the recovery wheels. All data samples were reported at 1 minute intervals. 
 
Table 3: Description, value, and observed variability in intended steady-state parameters per testa 
 
Summary of controlled testing conditions Test 1 Test 2 Test 3 
Number of data samples 9 99 25 
Results presented in Figure 
Outdoor Air Conditions Dry-bulb Temperature (°C) 
Humidity Ratio (g/kg) 
2 
30.06 +/- 0.05 
14.79 +/- 0.22 
3 
28.20 +/- 1.74c 
16.05 +/- 1.18c 
4 
26.01 +/- 0.37 
15.18 +/- 0.02 
Indoor Air Conditions Dry-bulb Temperature (°C) 24.90 +/- 0.00 Variable 24.57 +/- 0.35 
Humidity Ratio (g/kg) 11.22 +/- 0.00 Variable 11.46 +/- 0.09 
Test Unit Conditions Supply Air Dry-bulb Temperature (°C) 18.04 +/- 0.08 Variable Variable 
Supply Air Humidity Ratio (g/kg) 7.88 +/- 0.12 Variable Variable 
Supply Air Flow Rate (L/s) 
Exhaust Air Flow Rate (L/s) 
Chilled Water Flow Rate (L/s) 
144.8 +/- 1.9 
115.8 +/- 1.5b 
0.120 +/- 0.005b 
149.1 +/- 1.5 
119.3 +/- 1.2b 
0.120 +/- 0.005b 
143.6 +/- 1.8 
114.9 +/- 1.4b 
Variable 
Chilled Water Supply Temperature (°C) 5.84 +/- 0.05 6.38 +/- 0.29 6.37 +/- 0.63 
 
a Uncertainties shown are standard deviations of sampled data and should be considered additional to measurement error 
b Variability estimated; measurement across all data samples not undertaken or available 
c Outdoor conditions were controlled by wet-bulb temperature for this test. Outdoor air wet-bulb temperature for all samples in test 
2 = 23.32 +/- 0.38 °C 
 
5. Results and Discussion 
 
Results of tests 1 to 3 are presented in Fig. 2 to 4 and our discussion of the test results follows accordingly. 
 
5.1. Test 1 – Steady-state performance analysis at near-peak conditions 
 
Figure 2 shows the average of 9 test points taken at steady-state conditions at near-peak operating conditions (i.e. 
23°C WBT [6]). From Fig. 2, it is shown that even when return air conditions (State 5) possess a greater humidity 
ratio than off-coil supply air conditions (State 3), the PDHC wheel still provides a degree of ‘active’ 
dehumidification. As previously stated, this ‘active’ component (i.e. the rate of mass transfer across the PDHC 
wheel and thus its latent cooling capacity) stems not from the relative difference between off-coil and return air 
humidity ratio but their relative difference in relative humidity. With off-coil supply air delivered at close to 100% 
RH, there will always be a driving force for latent cooling via a PDHC that uses return air  for  desiccant regeneration. 
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Figure 2: Steady-state near-peak operating conditions 
Figure 2: Unit performance measurements at steady-state conditions, near-peak operating load 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2. Test 2 – Relationship between unit cooling capacity and return air conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Dissaggregated unit cooling capacity versus return air conditions 
(dark band illustrates range of outdoor air wet-bulb temperatures for all used data samples; chilled water flow rate assumed to be 
 
0.120 L/s as per table 2) 
 
The purpose of test 2 was to understand the unit’s response to preconditioned and unconditioned  indoor 
environments. A range of return air wet-bulb temperatures were used as a proxy for both dry-bulb temperature and 
humidity. The range extended from ~15.5°C WBT (22.5°C DBT and 46% RH) to ~23.8°C WBT (27.9 DBT and 
71% RH). Figures 3 illustrates that the energy recovery devices within the unit deliver primarily latent cooling, with 
net sensible cooling being almost negligible. Pre-coil sensible energy recovery (Stated 1-2) is negated by off-coil 
sensible reheat (State 3-4). That the unit’s total cooling capacity is higher than oncoil cooling, even when return air 
possesses higher enthalpy than supply air, is attributed to the mechanics of the PDHC wheel as described  previously. 
 
5.3. Test 3 – Contribution of energy recovery devices and cooling coil to sensible, latent, and total  cooling 
capacity 
 
Figure 4 illustrates the output of Test 3, resulting in measured values for the cooling rate, Qcool, over various 
stages of the DOAS unit. For this test, the chilled water flow rate into the unit was gradually reduced from its 
designated peak (~0.120 L/s) to zero to differentiate between the unit’s passive and active cooling  capacity. 
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Figure 4: Comparison of sensible, latent, and net cooling capacity of the test unit and the individual energy transfer devices within it;
plots are against variable chilled water supply flowrate 
A few observations from this test’s results are notable. Firstly, it indicates that between 1 and 1.5 kW of the 
unit’s total cooling capacity is provided by the unit’s energy recovery devices, amounting to roughly 30% of the 
unit’s total cooling capacity at peak chilled water flow rate (e.g., the unit’s design load). Figure 4 also indicates  how 
the net contribution of the energy recovery wheels on total cooling capacity is largely in the form of latent  cooling. 
The total sensible cooling capacities of the unit very nearly matches the sensible cooling provided on -coil, with the 
enthalpy and PDHC wheels providing relatively equal amounts of sensible pre-cooling and reheat. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6. Conclusions 
 
Results of tests 1 to 3 are presented in Fig. 2 to 4 and our discussion of the test results follows accordingly: 
x It was observed that the unit’s total cooling capacity is related inversely to indoor conditions 
x This relationship can be attributed to the energy recovery devices within the unit 
x The energy recovery wheels provide approximately 30% of the total cooling load at design conditions and 
eliminate the need for reheat energy as the sensible cooling of the enthalpy wheel approximately equals  the 
sensible reheat on the PDHC 
x The energy recovery wheels provided mainly latent cooling, which is consistent with DOAS  units 
providing the latent cooling for the space rather than the sensible loads 
x The PDHC was also able to further dehumidify the off-coil conditions under all tested conditions, making it 
appear to be a robust device for ‘free’ dehumidification and reheat in such a DOAS. 
 
7. Acknowledgements 
 
The authors would like to thank Siemens Building Technologies, the United World College South East Asia,  and 
GWTech Engineering Pte. Ltd. for their support and contributions to this study. 
 
References 
 
[1] F. Jazizadeh, A. Ghahramani, B. Becerik-Gerber, T. Kichkaylo and M. Orosz, “User-lead decentralized thermal comfort drivent HVAC operations for improved 
efficiency in office buildings,” Energy and Buildings, vol. 70, pp. 398-410, 2014. 
[2] K. Daou, R. Wang and Z. Xiz, “Desiccant cooling air conditioning: a review,” ASHRAE Journal, vol. 10, no. 2, pp. 55-77, 2006. 
[3] S. Mumma and K. Shank, “Achieving Dry Outside Air in an Energy-Efficient Manner,” ASHRAE Transactions, vol. 107, no. 1, pp. 1-9, 2001. 
[4] S. A. Mumma, “DOAS and Desiccants,” Engineered Systems, pp. 37-42, 2007. 
[5] C. E. L. Nóbrega and N. C. L. Brum, Desiccant-Assisted Cooling: Fundamentals and Applications, Rio de Janeiro, 2014. 
[6] “Annual Weather Report,” 2013. [Online]. Available: http://www.nea.gov.sg/training-knowledge-hub/publications/annual-weather-review. [Accessed 13 02 
2015]. 
[7] W. Liu, Z. Lian, R. Radermacher and Y. Yao, “Energy consumption analysis on a dedicated outdoor air system with rotary desiccant wheel,” Energy, vol. 32, pp. 
1749-1760, 2007. 
S
en
si
bl
e 
co
ol
in
g 
(k
W
) 
L
at
en
t C
oo
lin
g 
(k
W
) 
